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A B S T R A C T
This paper aims to study the machinability of natural ﬁber reinforced thermoplastic composites by investigating
the mechanics of chip formation and the multiscale cut surface's quality induced by the orthogonal cutting
process. Unidirectional ﬂax ﬁbers reinforced polypropylene (UDF/PP) composite has been tested by orthogonal
cutting experiments. Mechanical tensile and shear tests have been conducted on UDF/PP specimens to relate the
mechanical behavior to the cutting behavior.
Results show that UDF/PP composites produce a continuous chip at all the considered cutting conditions. This
is inherently related to the speciﬁc mechanical behavior of ﬂax ﬁbers inside the thermoplastic matrix under
cutting solicitations. The cutting behavior induces a consequent surface damages in the form of debonding zones
and uncut ﬁber extremities. Results demonstrate that the cutting depth has the most signiﬁcant inﬂuence on the
machinability after sorting the pertinent scales of the cut surface using the multiscale surface analysis approach.
1. Introduction
The use of natural ﬁber reinforced plastics (NFRP) composites is
becoming an industrial reality, especially in automotive and aerospace
industries. NFRP composites are becoming a viable alternative to syn-
thetic ﬁber composites in many industrial applications that not require
high structural performances. This strong industrial demand for NFRP
materials is due to the mechanical, economic and ecological beneﬁts
that provide natural ﬁbers for sustainable development, particularly
plant ﬁbers [1–4]. NFRP composites have aroused the interest of sci-
entists to understand and optimize their manufacturing processes [5–7]
and also to investigate their biodegradable behavior [8]. However, the
ﬁnishing processes have not been well investigated even if few em-
pirical works show that the cutting behavior of plant ﬁber composites is
not the same like that of synthetic ﬁbers [9–12].
Standard machining processes, such as milling, are still the best
suitable for machining polymeric composites since they induce low
levels of damage in the machined surface [13]. For these reasons, many
work was conducted by the authors in order to understand the behavior
of plant ﬁbers inside the composite during the industrial machining
process of proﬁle milling [14–17]. These studies show that, eﬀectively,
the behavior of plant ﬁbers is diﬀerent from that of synthetic ﬁbers and
this is due to their complex and multiscale cellulosic structure around
the ﬁber axis [18]. This structure induces a high transversal elasticity to
the plant ﬁber inside the composite and gives them the ability to deform
easily, which makes there shearing diﬃcult during the cutting process.
The previous author's works show also that investigating the machined
surfaces of NFRP composites requires the selection of the relevant scales
that allow the discrimination of both material and process parameters
eﬀects. Indeed, unlike glass ﬁbers, plant ﬁbers present a scale eﬀect
since their mechanical properties depends on the mechanical scale used
for the analysis as demonstrated in Ref. [19].
Nowadays, the use of natural ﬁber composites is focused also on
structural applications that require high mechanical performances,
especially long plant ﬁber reinforced polymer composites [4,20–22]. In
the context of sustainable development and circular economy, the in-
terest is oriented toward the thermoplastic composites because ther-
moplastic matrices are recyclable. Thus, since the mechanical proper-
ties of thermoplastic composites are lower than that of thermoset
composites, it is necessary to understand the relationship between the
mechanical properties of plant ﬁbers reinforced thermoplastic compo-
sites and their mechanics of cutting in order to optimize their manu-
facturing processes and avoid mechanical cutting-induced damages.
In this paper, the fundamental process of orthogonal cutting is
conducted on unidirectional ﬂax ﬁbers reinforced polypropylene (UDF/
PP) composites in order to investigate the chip formation mechanisms.
Mechanical tensile and shear tests are realized on the same material for
better comprehension of the cutting process from a mechanical point of
view.
The induced machined surfaces are evaluated by scanning electron
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microscopy (SEM). Then, cutting forces are plotted to show the inﬂu-
ence of each process parameter on the cutting operation. The machined
surfaces topography is investigated by a multiscale approach based on
discrete wavelet transform. Statistical analysis of variance (ANOVA) is
realized at the end to quantify the contribution rate of each process
parameter on the multiscale roughness of the machined surfaces.
2. Material and methods
2.1. Unidirectional ﬂax/polypropylene composite workpieces
Unidirectional ﬂax ﬁber composites used in this study (Fig. 1(a)) are
supplied by “Composite Evolution - UK”. The composite structure is
produced by unidirectional long ﬂax ﬁbers (UDF) and polypropylene
matrix (PP) as continuous warp ﬂax yarns. Synthetic weft yarns assure
the unidirectionality of the composite. The ﬂax/PP composition is 40%
vt of UDF and 60% vt of PP (approximately 50% wt for each con-
stituent). The warp yarn diameter is approximately 1mm (Fig. 1(b)).
The weft yarns are composed of co-polyamide/polyester co-spun. The
incidence of weft yarns is 1 yarn per 2.5mm, giving an areal weight of
14 g/m2 (approximately 5% of the total fabric). Table 1 summarizes the
mechanical properties of ﬂax ﬁbers and PP matrix. The supplier pro-
vides these technical data.
Inside each ﬂax yarn, the distribution of the elementary ﬂax ﬁbers is
random in terms of geometry (cylindrical to polygonal), size
(10 μm–20 μm) and location as shown in Fig. 2(a). Some elementary
ﬁbers are thus gathered into a bundle, which called technical ﬁber
(Fig. 2(b)), and other elementary ﬁbers are isolated in the matrix. This
random distribution can have an inﬂuence on characterizing the ma-
chined surfaces of UDF/PP composites.
2.2. Mechanical tests
Tensile tests (Fig. 3(a)) have been performed on Instron 4482 Uni-
versal testing machine according to ISO-527 standard. The in-situ strain
of the tested UDF/PP samples has been recorded by Instron 2630-100
Clip-on extensometer. Shear tests have been realized using the Iosipescu
method showed in Fig. 3(b) and described in Refs. [23,24]. The in-situ
strain of the Iosipescu specimens has been measured by VPG Tee Ro-
settes gages (Model CEA-06-032WT). Tensile and shear tests have been
realized for diﬀerent displacement speeds.
2.3. Cutting tests
Orthogonal cutting experiments, as shown in Fig. 4, were conducted
on a shaper machine (model GSP-EL 136). The machine is of maximum
power of 5222W, maximum stroke of 650mm and maximum speed of
100mmin−1. Three cutting inserts supplied by "Sandvik Coromant – FR"
(A4F3, A4BQ and A4BS) have a unique cutting geometry with 20° rake
angle and 7° clearance angle. The main objective for adding coating
ﬁlm is to increase the cutting edge radius as shown in Table 2.
Tests were performed under dry conditions. The specimen was
clamped manually in the machine bearing between two hard steel
plates as shown in Fig. 4. Edge trimming of the composite material
results from the relative motion between the tool, ﬁxed to the moving
saddle, and the specimen. The ﬁbers orientation is always perpendi-
cular to the cutting direction in order to consider the worst cutting
condition. For getting reliable results, each test was repeated three
times under identical conditions and with a new cutting insert at each
time. Table 3 summarizes the cutting conditions considered in this
study.
2.4. Experimental measurements
To highlight the in-situ chip formation mechanisms during cutting,
a fast-camera (FASTCAM SA5 CCD) was used for recording optical
frames at an acquisition rate of 20,000 fps. The in-situ cutting forces
have been recorded using a piezoelectric Kistler dynamometer (model
9255B), connected to a multichannel charge ampliﬁer (model 5019
B131) and a data acquisition board. The considered cutting force is the
measured component that is parallel to the cutting direction.
Microscopic observations of UDF/PP machined surfaces state were
made by scanning electron microscope (SEM) (JSM –5510LV) at low
vacuum mode. Typical representative surface morphology as induced
by machining of each experimental conﬁguration was considered for
the microscopic analysis. Geometrical and superﬁcial variations of each
workpiece samples have been measured at ﬁve locations using a 2D
Surfascan stylus proﬁlometer according to the ISO-4287 standard. The
tip radius of the diamond stylus is 2 μm. The surface proﬁle on each
specimen was taken along the machining direction over a sampling
length of 8 μm. The evaluation length is 16.8mm and a cut-oﬀ of
0.8 mm is used to apply the multiscale decomposition of the overall
topography signal by discrete wavelet transform [25].
3. Results and discussion
3.1. Mechanical behavior of UDF/PP specimens
Fig. 5 presents both tensile and shear behaviors of UDF/PP speci-
mens for diﬀerent deformation speeds. Tensile behavior shows two
linear parts (Fig. 5(a)), the ﬁrst part corresponds to the contribution of
the ﬁbrous reinforcement and the polymer matrix. By reaching a stress
Fig. 1. a) UDF/PP workpiece. b) Fibrous structure of ﬂax ﬁbers reinforcement.
Table 1
Mechanical properties ﬂax ﬁbers and PP matrix used in composite workpieces.
Flax ﬁber PP matrix
Tensile modulus (GPa) 50 0.93
Tensile strength (MPa) 500 29.5
Maximum strain 2% 14%
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value of 30MPa (i.e. the tensile strength of PP matrix), the behavior
remains linear but the stiﬀness decreases due to debonding between
ﬁbers and matrix. At a stress value of approximately 100MPa, the be-
havior becomes nonlinear, corresponding to a plastic behavior until
break (Fig. 6(a)). Thus, the UDF/PP composites have a linear tensile
behavior with ductile break and the eﬀect of displacement speed is only
apparent on the plastic zone that increases the strain at break.
The shear curves of UDF/PP specimens show an elastoplastic be-
havior (Fig. 5(b)). The increasing of displacement speed increases the
shear modulus but does not have an inﬂuence on the ductile shear
behavior. It's important to mention that the break has not been reached
by the Iosipescu test. Indeed, throughout the loading, the ﬁbers follow
the movement of shear and deform transversely with a debonding be-
tween the ﬁbers and matrix that is observed during the deformation at
the shear zone (Fig. 6(c)). The ﬁbers continue to deform until be mainly
under tensile solicitation.
3.2. Chip formation of UDF/PP composites
Fig. 7 shows the in-situ chip morphology for diﬀerent cutting con-
ditions. Both cutting speed and depth inﬂuence the chip curling. Cut-
ting UDF/PP samples with low cutting speed and low cutting depth
favors the chip curling (Fig. 7(a)). Increasing these two parameters
reduces the chip curling due to the increase of plastic deformation re-
sistance in the UDF/PP workpieces (Fig. 7(i)). Reducing the chip curling
can have an impact on the tribological contact behavior between the
cutting tool and the NFRP material. Indeed, when the chip curling is
reduced, there is more contact between the removed chip and the tool
rake face, which increases the friction at this contact area. Therefore,
reducing the chip curling can accelerate the tool wear.
The fast-cam images of Fig. 7 show that, regardless of cutting speed
and depth at the considered values range, the UDF/PP composite gen-
erates a continuous long chip on all the cutting length for all the cutting
conditions. This ﬁnding is speciﬁcally diﬀerent from that of synthetic
ﬁber composites as glass or carbon ﬁbers. Indeed, the chip formation of
synthetic ﬁber composites depends on the matrix nature. For thermoset
composites, the removed chip is often discontinuous or powdery
[26–35]. This is inherently related to the mechanical behavior of the
thermoset composite during the cutting solicitations. This mechanical
behavior is similar to shearing solicitations that show a brittle behavior
Fig. 2. a) SEM image of the ﬂax ﬁbers distribution in the composite. b) SEM image of the technical ﬁber.
Fig. 3. a) ISO-527 tensile test. b) Iosipescu shear test.
Fig. 4. Experimental setup of the orthogonal cutting tests.
Table 2
Coating characteristics of each cutting insert.
Reference A4F3 A4BQ A4BS
Substrate WC WC
Coating process – Multilayer CVD
Coating composition – Diamond sp3
Hardness (HV) 1600 10000
Coating thickness (μm) – 9±1 14±2
Cutting edge radius (μm) 12±1.7 21±1.5 27±2
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using Iosipescu shear tests [24,36]. On the other side, the chip forma-
tion of synthetic ﬁber reinforced thermoplastic composites tend to be
continuous [37–40], except for high cutting speed where the removed
chip becomes discontinuous [40]. This demonstrates that the matrix
nature has a signiﬁcant role in the chip formation. Thermosetting ma-
trix is brittle and its cutting mechanism is dominated by fracture, while
thermoplastic matrix has the capability to withstand large elastic and
plastic strains. However, the continuous-to-discontinuous chip transi-
tion has been reported to occur for general synthetic ﬁber composites
when the ﬁbers orientation is above 75° and near to 90°. This is because
of the severity of interlaminar shear. This transition is marked by the
change in direction of the force parallel to the ﬁbers from tensile to
compressive, which makes the ﬁbers shearing more diﬃcult [41,42].
In the case of UDF/PP composites, the mechanical behaviors are
diﬀerent as explained in Section 3.1. Flax ﬁber composites show a
ductile behavior at both tensile and shear tests. At Iosipescu shear test,
which the solicitations can be similar to those of the cutting operation,
the ductile behavior is followed by a transverse deformation of ﬂax
ﬁbers toward the shear direction. This is because ﬂax ﬁbers have a high
transverse ﬂexibility due to the microstructure of cellulosic microﬁbrils
that are oriented along the ﬁber axis [17,18]. The ﬂax stiﬀness is then
intensive on the ﬁber axis direction and the transverse stiﬀness is sig-
niﬁcantly low. The cutting contact stiﬀness is thus low and ﬂax ﬁbers
follow the deformation movement of the PP matrix during the cutting
operation. Then, the cohesion between ﬁbers and matrix can withstand
the stresses of the cutting operation and, consequently, the removed
chip remains continuous.
3.3. Cutting forces
Fig. 8 presents the cutting forces on the orthogonal cutting direc-
tion. It can be seen a drastic increasing of cutting force by cutting depth
increase. Increasing the cutting speed increases the cutting forces.
However, increasing either the cutting depth or the cutting edge radius
reduces the impact of the cutting speed. Therefore, the eﬀect of the
cutting speed becomes insigniﬁcant when cutting by an edge radius of
27 μm with 500 μm of cutting depth.
Increasing either the cutting depth or the cutting speed increases the
cutting forces by raising the material removal rate. However, the cut-
ting depth eﬀect is more signiﬁcant because it increases the chip
thickness that enhances the material resistance when cutting. On the
other side, the cutting speed has a double eﬀect. Indeed, increasing the
cutting speed increases the material removal rate and then the cutting
forces. Nevertheless, cutting speed growing induces high temperatures
at the cutting zone that makes the material softer and leads to reduce
the cutting forces. Therefore, the thermal eﬀect compensates the ma-
terial removal rate eﬀect. This thermal eﬀect is also induced by the
cutting depth and the edge radius of the cutting tool. In fact, increasing
the cutting depth increases plastic deformations when cutting and,
then, the material temperature is growing due to high plastic de-
formation rates. The cutting edge radius increase leads to raise the
cutting contact area which favors the temperature increase at the cut-
ting zone due to friction. All these physical phenomena can explain why
the eﬀect of cutting speed is reduced at both high cutting depth and
edge radius.
Cutting forces analysis shows the signiﬁcance of the cutting depth to
control the machinability of ﬂax ﬁber composites because increasing
the cutting depth by 200 μm can considerably increase the cutting force
and, consequently, this will cause bulk and surface damages. Next
section deals with the study of these damages.
3.4. Microscopic quality of machined surfaces
Fig. 9 presents the SEM images of machined surfaces at the same
cutting speed (80m/min) for diﬀerent cutting conditions. Cutting UDF/
PP composites with 12 μm of edge radius and 100 μm of cutting depth
generates eﬃcient ﬁbers shearing because ﬂax ﬁbers cross-sections can
be observed in Fig. 9(a). By increasing the cutting edge radius, plastic
deformation of ﬂax ﬁbers cross-sections can be noticed in Fig. 9(d) and
(g). Indeed, ﬁbers cross-sections shape is changed when growing from
higher to lower tool sharpness. Increasing the cutting edge radius in-
creases the ﬁbers cross-sections diameter by plastic deformation of
these latter. On the other side, increasing the cutting depth deteriorates
the ﬁbers shearing where ﬂax ﬁbers are transversely deformed toward
the cutting direction before being sheared. This induced some uncut
ﬁbers extremities that remain on the machined surface (Fig. 9(c)). In-
creasing the depth of cut increases not only the uncut ﬁber extremities
but also the debonding zones between elementary ﬁbers and PP matrix,
especially when it is associated with a cutting edge radius increase
(Fig. 9(i)).
The uncut ﬁber extremities are the speciﬁc phenomena in the case
of machining plant ﬁber composites because of the transverse ﬂexibility
issue of plant ﬁbers when being in contact with the cutting tool as
demonstrated in the previous milling operation work [15–17], espe-
cially when increasing the cutting edge radius [17]. Moreover, the high
cutting forces induced by increasing the cutting depth (Fig. 8) causes
more failure of the interfaces between elementary ﬂax ﬁbers and PP
Table 3
Process parameters used for the orthogonal cutting tests.
Cutting inserts Cutting speed
(m/min)
Depth of cut
(μm)
A4F3
A4BQ
A4BS
12
20
32
50
80
100
300
500
Fig. 5. A typical behavior curves of UDF/PP composites at diﬀerent displacement speeds. a) Tensile test. b) Iosipescu shear test.
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Fig. 6. a) Tensile specimen after break. b) Iosipescu specimen before shear test. c) Iosipescu specimen after shear test.
Fig. 7. Fast-cam images showing the chip formation for diﬀerent cutting speeds (V) and depths (ap) using rɛ=27 μm.
F. Chegdani, M.E. Mansori Polymer Testing 
matrix and this will reduce the cutting contact stiﬀness. Consequently,
more deformation will be produced when the cutting contact which
makes diﬃcult the ﬁber shearing during the cutting operation. On an-
other side, and unlike synthetic ﬁbers of glass or carbon, natural ﬁbers
are known as composite materials of cellulose microﬁbrils embedded in
amorphous natural polymers of hemicellulose and lignin [14,18]. The
amorphous component of natural ﬁbers allows plastic deformations of
these latter, especially when increasing the temperature during the
cutting process since the ﬁbers will be softer and easily able to deform.
3.5. Multiscale surface roughness of machined surfaces
The multiscale discrete wavelet transform (DWT) approach [15,17]
consists on decomposing the global topographic signal through a series
of high-pass and low-pass ﬁlters to analyze the high and low fre-
quencies [43]. Since the high frequencies correspond to the micro-
roughness and the low frequencies correspond to the waviness, it can be
obtained, after reconstruction, the multiscale spectrum that reveals the
mean arithmetic roughness “Ma(i)" at each scale “i” of the decom-
position [44].
Fig. 10 presents the evolution of the multiscale spectrums at cutting
speed V=20m/min for the diﬀerent cutting edge radius. Globally, the
roughness increases by the scale increasing. The multiscale approach
can discriminate the cutting depth eﬀect at the mesoscopic scales be-
tween 50 μm and 1mm. Then, the relevant scales are those of the ﬁ-
brous structure size inside the composite (i.e. from technical ﬁber size
[∼50 μm] to ﬁber yarn size [∼1mm]). This ﬁnding corresponds to the
conclusions obtained by proﬁle milling process [15–17]. However, for
Fig. 8. Induced cutting forces during cutting operations for all cutting conditions.
Fig. 9. SEM images of microscopic surfaces quality for diﬀerent cutting edge radius (rε) and cutting depth (ap).
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the orthogonal cutting process, it can be seen in Fig. 10 that increasing
the cutting edge radius reduces the relevant scales toward the macro-
scopic scales by increasing the cutting contact area as demonstrated in
Ref. [45].
Fig. 11 shows the eﬀect of cutting speed on the multiscale surface
roughness spectrums for the cutting edge radius rε=27 μm. Increasing
the cutting speed increases the relevant scales range that allow the
discrimination of the cutting speed eﬀect. At the relevant scales, the
multiscale spectrums of Fig. 11 show that the eﬀect of cutting speed is
more obvious at the low cutting depth. Increasing the cutting speed
decreases the surface roughness except for a cutting depth of 500 μm
where the cutting speed is not highly signiﬁcant. Indeed, increasing the
cutting speed increases the shear modulus (Fig. 5(b)) which will in-
crease the contact stiﬀness and, then, the shearing eﬃciency.
3.6. Multiscale contribution rate of process parameters to the surface
quality
To quantify the contribution of the studied process parameters,
ANOVA [46,47] of input variables inﬂuence has been performed at
each multiscale response of surface quality (i.e. at each scale “i” of the
decomposition) using XLSTAT software. The contribution ratio of each
“α” factor (Cα) was calculated with the Fisher criterion test (F(α)) at the
correlation coeﬃcient (R2) conﬁdence [46,48]. Eq. (1) can deﬁne the
contribution ratio of each factor. More explanations about this statis-
tical technique are in Ref. [14].
=
∑
×C F α
F α
R( )
( )α α
2
(1)
Fig. 12 presents the contribution rate of each process parameter at
each analysis scale. It can be seen the low contribution of the cutting
edge radius regarding the other parameters until the macroscopic
scales. The behavior of the multiscale contribution rate conﬁrms the
previous results. Indeed, Fig. 12 shows the signiﬁcant impact of cutting
depth at the relevant scale (i.e. mesoscopic scale) identiﬁed in Section
3.5. At macroscopic scale, the random distribution of technical ﬁbers
seen in Fig. 2 inﬂuences the contribution of the process parameters and
increases the interactions between them. Then, the interactions have
the predominant contribution.
4. Conclusions
Orthogonal cutting process has been conducted on unidirectional
ﬂax ﬁber reinforced polypropylene (UDF/PP) composites in order to
investigate the mechanics of material removal by realizing mechanical
tests on the same material. The resulting machined surfaces have been
evaluated by SEM observations and multiscale topographic analysis.
The following conclusions can be drawn:
• Even if ﬂax ﬁbers are oriented perpendicularly to the cutting di-
rection, UDF/PP composites show a long continuous chip during the
orthogonal cutting process at a large range of cutting speed and
Fig. 10. Multiscale surface roughness spectrums drawn at each cutting depth for the diﬀerent cutting edges radius at cutting speed V=20m/min.
Fig. 11. Multiscale surface roughness spectrums drawn at each cutting depth for diﬀerent cutting speeds at the cutting edge radius rε=27 μm.
Fig. 12. Multiscale contribution rate of each process parameter.
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depth values. This chip behavior is diﬀerent from that of synthetic
thermoplastic composites, which have a discontinuous chip at dry
and high loading cutting conditions.
• The speciﬁc cutting behavior of UDF/PP composites is related to the
mechanical ductile behavior of the thermoplastic matrix combined
with the high transverse elasticity of ﬂax ﬁbers that have also a
ductile behavior unlike glass or carbon ﬁbers.
• The cutting depth has the greatest inﬂuence on machined surface
state. Increasing the cutting depth increases the cutting forces and,
then, the surface damages in form of debonding zones, uncut ﬁbers
extremities and plastic deformation of ﬂax ﬁbers on the machined
surface. The eﬀect of cutting speed is signiﬁcantly reduced due to
the thermal eﬀect induced by friction and plastic deformation.
• Analyzing the machined surfaces of ﬂax ﬁber composites requires
the selection of the relevant scales. The eﬀects of both cutting depth
and cutting edge radius are more obvious at the scales that corre-
spond to the ﬂax ﬁbrous structure size inside the composite. ANOVA
analysis conﬁrms that the cutting depth is strongly the most inﬂuent
parameter on the machined surface quality at the relevant scales.
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